Background and Objectives: The incidence of atrial fibrillation
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia.
It is also a potent risk factor of ischemic stroke. 1 The clinical risk factors of AF include advanced age, diabetes, hypertension, congestive heart failure (CHF), valvular heart disease, and myocardial infarction (MI). [2] [3] [4] The incidence of AF is increased in CHF, and asymptomatic left ventricular (LV) dysfunction is associated with an increased risk of AF. 5, 6 There are two mechanisms of arrhythmias in HF, one is the reentry mechanism, which is associated with increased tissue fibrosis, 7 and the other is triggered activity, which is associated with HF-induced ionic remodeling, increased sodium-calcium exchanger, and reduced inward potassium current. 8 Abnormal intracellular Ca 2+ cycling plays an important role in cardiac dysfunction and ventricular arrhythmogenesis in the setting of heart failure (HF), myocardial infarction (MI), and ischemia reperfusion (I/R) injury. 9 Many studies have been We, therefore, investigated the relationship between changes in the levels of calcium-handling proteins and subsequent AF development in a rat model of severe HF.
Materials and Methods

Animals and Preparation
All animal-handling procedures were approved by the Animal 
Creating the MI Rat Models
MI was induced in the SD rats after ligation of the left anterior descending coronary artery under anesthesia induced by intraperitoneal injection of ketamine (50 mg/kg) with xylazine (10 mg/kg). The rats were connected to a respirator (Harvard Model 683 Rodent Ventilator) with a frequency of 60 ventilations per minute and a volume of 1 mL/100 g). The chest was opened using mid-sternotomy, and the left anterior descending coronary artery was ligated approximately 2 to 3 mm from its origin with a 5.0-polypropylene suture (Ethicon, Belgium). The control rats were submitted to a sham operation by using a similar procedure without coronary ligation. The perioperative mortality was around 40% in the rats submitted to the coronary artery ligation.
Echocardiography
At the end of the study, the rats were lightly anesthetized with an intraperitoneal injection of ketamine (25 mg/kg) with xylazine 
Electrophysiological Study
For the open-chest study, in the case of HF, we waited for 3 or 4 days after removal of the osmotic pumps. The rats were anesthetized with ketamine (90 mg/kg) and xylazine ( 
Quantification of Fibrosis
After the completion of the electrophysiological study, the heart was rapidly removed. The hearts were immersed in a 10%
buffered formalin solution and then embedded in paraffin. 
Real-Time Quantitative Reverse Transcriptase Polymerase Chain Reaction
Total RNA was isolated from 10-20 mg of rat left atrium tissues with Trizol reagent (Invitrogen, USA), followed by chloroform extraction and isopropanol precipitation. 
Statistical Analysis
The statistical analysis for each parameter studied was performed with Kruskal-Wallis testing. If the Kruskal-Wallis tests were significant, group-to-group comparisons were performed by using the Mann-Whitney test. p<0.05 was considered statistically significant. All results are expressed as the mean ± standard error of the mean (SE) unless indicated. For the statistical analysis, the SPSS software (version 12.0K) was used. 
Results
Echocardiographic Indexes
Echocardiographic parameter changes in each group are presented in Figure 1 and Table 1 . The LV ejection fraction significantly decreased from 79.7%±2.1% (sham, n=15) to 39.2%±3.3% (HF, n=15; p<0.001, Figure 1 , Table 1 ). LV end diastolic and left atrium dimensions were significantly increased in the HF group.
Heart Weight-To-Body Weight Ratio
MI and isoproterenol infusion increased heart weight significantly in the HF group compared with the sham (sham, 3.37±0.13 mg/g, n=10; HF, 5.60±0.22 mg/g, n=10; p<0.001, Figure 2 ).
AF Induction Study
AF inducibility was significantly increased in the HF group 
Left Atrial Fibrosis Amount Analysis
Interstitial fibrosis in the left atrium (sham, 0.20%±0.02%, n=5; HF, 3.41%±0.45%, n=5; p=0.008) was significantly increased in the HF group ( Figure 5 ).
Expressions of Calcium-Handling Proteins
The left atrial tissue protein levels of SERCA, PLB, and RyR2
were significantly decreased in the HF group (45%±7%, 60%±3%, and 58%±9%, respectively) compared with the sham group (100%±6%, 100%±5%, and 100%±7%, respectively; p<0.001 for SERCA and PLB, and p=0.016 for RyR2). However, 
Changes in the Transcriptional Levels of CalciumHandling Genes
The left atrial tissue mRNA levels of SERCA, PLB, and RyR2
were significantly decreased in the HF group as compared with the sham group (p<0.001 for SERCA and RyR2, p=0.023 for PLB). However, NCX was increased in the HF group, but the increase did not achieve statistical significance (p=0.105). The PLB/SERCA ratio was significantly increased in the HF group (9.39±4.76; p<0.001, Figure 7 ).
Discussion Main Findings
In the present study, we found altered calcium-handling protein levels, namely decreased SERCA2a, PLB and RyR2 protein, and mRNA expression levels, and an increased PLB/SERCA ratio in HF rat atrial tissue. The NCX protein expression was increased. We also found significantly increased fibrosis in HF. These findings were associated with increased AF inducibility and AF duration in the HF group.
Altered Calcium-Handling Protein Expressions and Arrhythmogenesis
In HF ventricular cardiomyocytes, action potential (AP) is usually prolonged and SR Ca 2+ release is usually reduced.
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Transient outward current (Ito) and inward rectifying K + current (IK1) are decreased, and an increase in late sodium current prolongs the action potential in HF ventricular myocytes. 12, 13 Reduced Ca 2+ uptake into the SR, increased Ca 2+ removal via the NCX, and enhanced diastolic Ca 2+ leak from the SR occurs in HF. 14 This alteration in the calcium-handling process is a major mechanism for delayed after depolarization (DAD) and early after depolarization (EAD). EAD is associated with adrenergic stimulation and related to AP prolongation and increase in Ca Previous studies about calcium-handling proteins have shown that CHF is accompanied by decreased SERCA expression level, increased PLB/SERCA ratio, and SR functional deficiency in ventricular tissues. 9, [15] [16] [17] [18] [19] These changes may cause the depressed SR Ca 2+ load, which is believed to be a major cause for the contractile defect and arrhythmogenesis. 20 PLB is an integral protein of the SR of mammalian myocardium and regulates SERCA activity.
The unphosphorylated state of PLB inhibits SERCA activity. 21 In this study, we observed downregulated SERCA2a and PLB and upregulated PLB/SERCA2a ratio in CHF atrial tissue. This defective Ca 2+ uptake into SR causes decreased systolic calcium release from SR, increased cytosolic free calcium level, and subsequent depressed contractile function, and increases vulnerability to arrhythmia.
Calcium is released from the SR via the ryanodine receptor (RyR2). It was reported that RyR2 mRNA levels were reduced in HF in both human and animal models. 22, 23 This reduced ryanodine receptor level is associated with SR calcium leakage and contractile dysfunction. 24 In this study, we observed downregulated RyR2 protein and mRNA, and upregulated NCX protein levels in HF. These are associated with SR calcium leakage in atrial cardiomyocytes, atrial contractile dysfunction, and arrhythmogenesis.
The removal of calcium from the cytosol by sarcolemmal NCX, which has high capacity and low affinity, is the major calcium extrusion mechanism of the cardiac myocyte. 25 
HF and β-Adrenergic Stimulation-Induced Atrial Fibrosis and Its Relationship with AF Vulnerability
In this study, we used isoproterenol to generate severe HF.
Because advanced HF is associated with increased sympathetic activity, we used an advanced HF model with isoproterenol juxtaposed on a post-MI HF model. Isoproterenol-infused post-MI HF was associated with severe left atrial interstitial fibrosis.
Subsequently, an increased amount of atrial interstitial fibrosis can be a substrate for AF development and maintenance by the reentry mechanism.
Study Strengths and Potential Limitations
We did not measure calcium transient, calcium spark, and L-type calcium current because of the poor condition after isolation of single atrial cardiomyocytes in HF. Furthermore, we could not measure the phosphorylation states of PLB, RyR2, and calmodulin-dependent protein kinase II because of the long study period and small amount of tissue obtained from the rat atrium.
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Sham (n=10) HF (n=10) However, our study provides, to our knowledge, the first report of the evaluating transcriptional and translational changes of atrial calcium-handling proteins in atrial arrhythmia in CHF. These results are important to understand the mechanisms and potential treatment of AF.
